During Integrated Ocean Drilling Program Expedition 301, 235 m of upper igneous crust was cored in Hole U1301B, in an area of hydrothermal circulation on Juan de Fuca Ridge, providing an opportunity to better understand ocean crust magnetization. We studied the paleomagnetism of this section using a variety of techniques. Natural remanent magnetization (NRM) and alternating-field or thermal demagnetization measurements were made on 330 individual samples of igneous rock from both the working-half and archive-half cores. Rock magnetic characterization measurements were made on a subset of samples to better understand the source of the magnetization. These measurements included hysteresis parameters, Curie temperature, and isothermal remanent magnetization (IRM) acquisition. In addition, thin sections were examined for several samples in an effort to visually identify magnetic grains. Igneous samples from Hole U1301B display a range of NRM values between 1.3 and 73.0 A/m with a median value of 6.9 A/m, which are values typical of ocean crust basalts. IRM acquisition curves are consistent with titanomagnetite as the magnetic remanence carrier. Hysteresis parameters indicate single domain and pseudosingle domain behavior, despite large grain sizes seen in scanning electron microphotographs. The apparent paradox is resolved by observation of grain textures that indicate that large grains are split into small domains. Magnetization direction characteristics vary and have been divided into five types by demagnetization patterns. The many patterns suggest that the remanent magnetization of some samples has been altered by secondary processes, such as hydrothermal metamorphism.
Introduction
During Integrated Ocean Drilling Program (IODP) Expedition 301, 3.5 Ma age crust was drilled on the flank of the Juan de Fuca Ridge at Site U1301, located at 47°45.2′N, 127°45.8′W (see the "Expedition 301 summary" chapter). The site targeted an area of hydrothermal fluid flow for an experiment examining the hydrology of the ocean crust. Although the ridge flank is buried by unusually thick sediments because of the proximity of land, it is otherwise the site of normal oceanic crust. More than 200 m of upper oceanic crust basalt was cored in Hole U1301B, making it one of the relatively few sites where such a large section of crustal rock has been sampled. For scientists who study paleomagnetism, this represents an excellent opportunity to learn more about the magnetization of the upper crust.
We sampled the basalt section from Hole U1301B with the goal of learning about the magnetization properties of the recovered basalt samples. Because the crust appears normal, we expected to find that the basalts were magnetized in the direction of the magnetic field 3.5 m.y. ago, when the crust at Site U1301 was formed. Our working hypothesis was that the samples should behave as typical ocean crust basalts, should be normally polarized (because the site is on a normal polarity magnetic anomaly), and should give magnetization inclinations that are similar to the geocentric axial dipole inclination for the site (65.6°). We also expected that some of the samples would display evidence of hydrothermal alteration, owing to the location of the site in an area of hydrothermal circulation.
Background
Hole U1301B was one of four holes drilled at Site U1301. The drill string encountered the seafloor at a depth of 2656 meters below sea level (mbsl) and penetrated to 582.8 meters below seafloor (mbsf). Drilling in Hole U1301B showed that the upper 265.2 m of the section is sedimentary. Thus, the lower 317.6 m of the drilled section penetrated upper crustal igneous rocks.
Because of problems coring the fractured upper part of the igneous section at nearby Site 1026 during Ocean Drilling Program (ODP) Leg 168 (Shipboard Scientific Party, 1997) , the upper 85 m of the igneous section in Hole U1301B was not cored. Only ~5% recovery was obtained throughout this section during Leg 168, so the upper igneous section is not well known. After casing for hole stability during Expedition 301, igneous rocks below 85 m beneath the sediment/basalt contact were continuously cored. A total of 69.1 m of igneous core was recovered from 235 m of cored section for a recovery percentage of 30%.
The cored igneous section was divided into eight units defined by changes in lava morphology, rock texture, and grain size (see the "Site U1301" chapter). Units 1, 3, 5, 7, and 8 are characterized by pillow basalts, whereas Units 2, 4, and 6 are massive units (Fig. F20 in the "Site U1301" chapter). The massive units are generally thin (<10 m thick), so most of the igneous section (and samples recovered) consists of pillow basalts.
Pillows from the cores are generally sparsely vesicular and micro-or cryptocrystalline in texture. Massive basalts are similar but have few vesicles. Both types of rock are normal depleted mid-ocean-ridge basalts (MORB) as indicated by geochemical analyses (see the "Site U1301" chapter). Alteration in the core samples ranges from slight to moderate (5%-25%), with the slightly altered rocks generally dark gray in appearance. The most unaltered parts of the samples are in flow interiors, and the alteration has proceeded to saponite grade (see the "Site U1301" chapter). More intense alteration has proceeded generally along cracks and veins, often forming alteration halos around such features. The halos have varied colors (black, brown, and green) depending on the mix of secondary minerals. Potentially magnetic iron oxyhydroxides were found in ~44% of the veins examined, pyrite was found in ~3%, and goethite was found in one vein.
Methods

Shipboard measurements
During Expedition 301, the igneous section was extensively sampled for paleomagnetic study, with measurements made from a total of 330 discrete samples (Tables T1, T2 ). All measurements were made on discrete samples because the igneous core was too discontinuous to allow for reliable measurements from whole core sections. A total of 172 discrete ~15 cm 3 paleomagnetic samples were taken at an average spacing of ~2/m of recovered core. These samples were acquired using a two-blade saw to produce cubes ~25 mm on a side. In order to obtain a greater number of paleomagnetic data points, three other types of samples were also measured. One was 15 cm 3 discrete cube samples, similar to the paleomagnetic samples except that they were taken for physical property measurements (23 samples). Another was irregular-sized intact oriented pieces (~50-200 cm 3 ) of the archive-half core (127 samples). In addition, eight pairs of small irregular-sided pieces, usually <5 cm 3 in volume, were collected to investigate the differences in magnetic properties inside and outside of halo alteration zones.
All but the small irregular samples were measured on the shipboard 2G Enterprises model 760R passthrough cryogenic superconducting quantum interference device (SQUID) magnetometer (see the "Methods" chapter). Measurements were made using the usual ODP core reference frame with the x-axis in the upcore direction (see the "Methods" chapter). The characteristic remanent magnetization (ChRM) was isolated using either stepwise alternating-field (AF) or thermal demagnetization. All AF demagnetization steps were run on the 2G Enterprises model 2G600 inline demagnetizer that is a part of the passthrough magnetometer system. Thermal heating was accomplished with a Schoenstedt model TSD-1 magnetically shielded oven.
Because the measurement of physical property samples and archive-half core pieces had to be nondestructive, AF demagnetization was used on these samples. Typically, AF demagnetization was done in 5 mT steps from 10 to 40 mT and in 10 mT steps for higher fields. In contrast, most of the samples acquired for paleomagnetic study were thermally demagnetized (see Table T1 ). Most thermal demagnetization analyses used 50°C steps from 150° to 550°C; however, other temperatures were used in some instances to explore magnetization properties.
AF and thermal demagnetization data were plotted for each sample on an orthogonal vector diagram (Zijderfeld, 1967) to aid in interpreting magnetization components and directions. ChRM is assumed to be shown by a section of high-temperature or high-AF field univectorial decay observed on the orthogonal vector plot. Magnetization directions were calculated using principal component analysis (Kirschvink, 1980) from that section of univectorial decay. With only a few exceptions, all of the magnetization directions were determined from calculations that were not anchored to the orthogonal vector plot origin. Typically four to six measurements were used for the principal component analysis. For two samples, the principal component analysis was constrained by only two measurements, so these calculations were anchored to the origin.
Shore-based measurements
Shore-based measurements were made in the paleomagnetic laboratory at Western Washington University with the intent of better understanding the source and characteristics of the magnetization in Hole U1301B basalts. Measurements of Curie temperature and magnetic hysteresis parameters were made on 32 discrete ~15 cm 3 cube samples (Table  T2) . Magnetization direction studies were carried out on these and four additional cube samples. In addition, magnetic hysteresis and isothermal remanent magnetization (IRM) acquisition measurements were conducted on eight pairs of samples in which the two samples of each pair come from an alteration halo and the adjacent slightly altered rock (Tables  T3, T4 ).
All samples were treated to detailed AF or thermal demagnetization routines, with all but 4 of the 36 samples being thermally demagnetized. AF demagnetization was carried out in a D-Tech D2000 AF demagnetizer. Compared with previous shipboard analysis, demagnetization steps were more closely spaced at low field values (2-3 mT steps to 10 mT), the same 5 mT steps were used from 10 to 100 mT, and 20 mT steps were used to 200 mT. Thermal demagnetization was also generally more detailed than shipboard analyses, with steps of 10°-20°C being commonly used. Thermal demagnetization was carried out to 450°-580°C, depending on results from any particular sample. Heating was done in an argon-filled environment to prevent oxidation from occurring at high temperatures. Magnetization direction analysis for each of these samples was carried out in the same manner as for the shipboard samples.
Hysteresis loops were measured using a MicroMag vibrating sample magnetometer (VSM) at room temperature in fields of up to 10 kOe. Hysteresis loops before and after heating were also taken for samples for which Curie temperatures were measured in the presence of a magnetic field. Paramagnetic contributions to the hysteresis curves were minimized in most cases by a slope correction using MicroMag software. IRM and backfield curves were also determined with the VSM.
To determine Curie temperature, magnetic susceptibility was measured as a function of temperature using a Kappabridge magnetic susceptibility meter with a furnace attachment. Chips from each sample were powdered and cycled from room temperature to 700°C and back to 40°C in the presence of argon gas to minimize oxidation. Chips from two representative samples were then cut and powdered for closer examination. These samples were run in the same manner as previously described but to a maximum temperature of 320°C. Curie temperatures were determined by the intersecting tangents method from graphs of magnetic susceptibility versus temperature. To gauge the accuracy of susceptibility-based measurements, four paired samples were selected for direct Curie temperature measurement with a furnace-equipped VSM. Curie temperatures for these samples were determined by the second derivative method outlined by Tauxe (1998) . Thin sections from these sample pairs were also made, polished, and coated in carbon for scanning electron microscope (SEM) examination. dian value of 6.9 A/m. Most samples have NRM values <10 A/m, and only seven have NRM values >50 A/m (Fig. F1) . These values are typical of submarine basalts, and the skewed distribution with a small number of large NRM values is also commonly observed (Johnson and Pariso, 1993; Johnson et al., 1996; Zhao et al., 2006) . High NRM values are scattered more or less evenly throughout the section (Fig. F1) .
During demagnetization, Hole U1301B samples show a remarkable variety of behavior and ChRM directions (Figs. F2, F3) . Samples gave better results with thermal demagnetization, which is why we used that technique for most of the demagnetization experiments. Some AF-demagnetized samples displayed magnetizations that veered from the origin at high field values (Fig. F2D) , implying some sort of spurious magnetization imparted by the demagnetization equipment (e.g., a rotational remanent magnetization or gyroremanent magnetization). Most samples displayed a large, steeply downward NRM direction that is probably indicative of the drillstring overprint that is common among paleomagnetic samples cored onboard the JOIDES Resolution (see Fig. F2A, F2C, F2E ) (Acton et al., 2002; Fuller et al., 2006) . In some low-coercivity samples, this overprint dominated magnetizations to the point that it was difficult to determine the ChRM. In samples from the upper part of the igneous section, both AF and thermal demagnetization revealed a ChRM with a downward-directed (positive) inclination betweeñ 30° and 90° (Figs. F2A, F2C, F2F, F3 ). This magnetization direction indicates normal polarity in the Northern Hemisphere. Some samples give a reversed polarity inclination (i.e., negative or upward). Typically, this ChRM is found at high-temperature steps and is masked by a drill string overprint or a lower temperature normal component similar in dip to the normal ChRM samples (Fig. F2E) . A few samples, such as 301-U1301B-6R-2, 35 cm (Fig. F2B) , are reversed with no evidence of a downward overprint, and such samples may have been inverted during handling.
To examine ChRM trends, we arbitrarily classify ChRM directions into five classes:
• Type 1 has low inclination, reversed ChRM.
• Types 2 and 3 have normal ChRM inclinations, with those of type 2 having values below ~40° and those of Type 3 having higher values.
• Type 4 is characterized by a dominant drill string overprint (typically low-coercivity samples).
• Type 5 is has two components, a high-temperature reversed inclination and a lower temperature normal direction.
Most samples are Types 2 or 3 (Table T1) , especially in the upper part of the section. In the lower part of the section, below 470 mbsf, Types 2 and 3 are still common, but all of the different types are represented with little apparent correlation between adjacent or nearby samples. This part of the section also displays ChRM inclinations with highly scattered values, including negative (apparently reversed) inclinations (Fig. F3) .
Because Site U1301 is on a normal polarity magnetic anomaly, we have interpreted the normal inclinations as "normal" and the reversed inclinations as spurious (see the "Site U1301" chapter). Even in the apparently normal-behaving upper section, normal polarity inclinations do not precisely match the expected inclination. The average inclination for the section above 470 mbsf is 53.5°, which is less than the geocentric axial dipole inclination for the site of 66.5°. Even if this value is corrected for the slight shallowing caused by averaging azimuthally unoriented samples (corrected expected inclination = 64.2° using Cox and Gordon, 1984) the difference is >10°.
Rock magnetic measurements
IRM acquisition curves all saturate quickly in low (<100 mT) applied fields ( Fig. F4 ; Table T2 ). This lowfield IRM saturation is characteristic of titanomagnetite grains. The flat high-field sections of the curves indicate the absence of high-coercivity magnetic minerals, such as hematite. Observed differences between samples from alteration halos and nearby samples from slightly altered core are small but systematic. Samples from alteration halos consistently require slightly greater applied fields to reach saturation ( Fig. F4) , implying that the alteration slightly raises the coercivity of the bulk assemblage of magnetic grains.
Thermomagnetic curves for Hole U1301B basalt samples are usually nonreversible, although some samples do give reversible curves (Fig. F5) . Nonreversibility implies changes in the magnetic mineral assemblage caused by heating. In these samples, we are probably seeing the conversion of maghemite into other magnetic minerals. The thermomagnetic curves give Curie temperatures for Hole U1301B samples ranging from 128° to 370°C (Tables T3, T4 ) with a median value of 339°C. Most samples give values in the 240°-320°C range. These values are typical for altered ocean basalts with titanomagnetite magnetic grains.
Magnetic hysteresis data (Tables T3, T4) show that all samples have saturation remanence/saturation magnetization (M r /M s ) ratios <0.5 and remanent co-ercive force/ordinary coercive force (H cr /H c ) ratios of <5. Most samples plot near the single domain (SD) field on the Day plot ( Fig. F6) , although some samples have hysteresis parameter ratios that fall in the pseudosingle domain (PSD) region. Of the paired samples from alteration halos and nearby slightly altered rock, it appears that the more altered samples plot preferentially toward the SD region of the plot, suggesting that the alteration process makes magnetic grains behave more like SD grains. Most samples plot near model lines (Dunlop, 2002) for mixtures of SD and multidomain (MD) grains. Given microscopic observations (see below) that indicate both large and small magnetic grains, these samples may indeed be displaying the behavior of a SD/MD grain mixture.
On a Day plot, samples with different demagnetization behaviors show no indication of clustering ( Fig.  F7) . Samples with each different demagnetization behavior are found scattered throughout the hysteresis ratio range of the entire sample population. This implies that different types of demagnetization behavior are not a function of magnetic grain size.
SEM photomicrographs (Fig. F8) show that large titanomagnetite grains are found in sample thin sections. These grains are often rectangular or deltoid in appearance, which is typical of titanomagnetite. Many of these grains are tens of micrometers in diameter, which is far larger than the normal size for SD or PSD grains. Indeed, grains of this size should behave as multidomain grains. An explanation for the difference is that many of the grains show trellis, dendritic, skeletal, and cruciform patterns within the grains, indicating that the grains are broken up internally into smaller pieces. Furthermore, the surfaces of these grains are often invaded by cracks, implying further divisions. In sum, the naturally occurring fractures and crystal structures tend to be much smaller than the whole grain. In addition, electron dispersive scattering (EDS) tests imply that titanomagnetites are also found within the groundmass, so there is likely to be a very small size grain component also existing within these samples. Figure F1 . Natural remanent magnetization (NRM) of basalt samples, Hole U1301B. (B) Although Sample 301-U1301B-6R-2, 35 cm, would normally be considered to have a reversed magnetization (i.e., negative inclination), the sample gives an isolated result and shows no downward overprint, as do most other samples, so it is thought to have been accidentally inverted during curation. (C) Sample 301-U1301B-32R-1, 36 cm, shows a large downward drill string overprint. (D) Sample 301-U1301B-3R-1, 110 cm, veers from the simple univectorial decay at high-field demagnetization steps. E-F. Thermal demagnetization. (E) Sample 301-U1301B-30R-1, 99 cm, shows two components with a high-temperature reversed polarity characteristic magnetization, whereas (F) Sample 301-U1301B-5R-2, 109 cm, shows a normal polarity magnetization after removal of the drill string overprint. The latter is an example of Type 2 or 3 behavior. Sample 301-U1301B-30R-1, 99 cm, is an example of Type 5 behavior. If the inclination were shallower, it would be classified as Type 1 (see "NRM and directional measurements" for discussion of behavior classes). Figure F4 . IRM acquisition curve for two representative samples, Hole U1301B. One sample is from relatively unaltered core and the other is from an adjacent alteration halo. Notes: See the "Site U1301" chapter for igneous unit definitions. NRM = natural remanent magnetization, Inc. = inclination, N = number of measurements used for PCA analysis, MAD = maximum angle of deflection (a measure of the error in PCA analysis), Demagnetization quality = subjective judgement of demagnetization curve consistency ranging from A = excellent, simple isovectorial decay, to C = poor, poor consistency, small number of consistent steps, or departure from isovectorial decay, ChRM type = subjective classification of characteristic remanent magnetization direction. P = pillow basalt, M = massive flow. AR = archive-half sample, PP = physical properties sample. AF = alternating field, TH = thermal. * = thought to be inverted samples. † = ChRM inclinations calculated using a PCA solution anchored to the origin. Step Field (Oe) 
